Caspase 3 is an essential factor for Fas-mediated cell death and exists endogenously in cells where its activation is suppressed by p21 and ILP. Inside the cell, procaspase 3 interacts with p21 on mitochondria. In the present study, we investigated the molecular basis for procaspase 3/p21 complex formation. During Fas-mediated cell death, mitochondria are damaged, accompanied by decreased mitochondrial membrane-potential and decreased intracellular ATP levels. This mitochondrial damage occurs before an estrangement of the procaspase 3/p21 complex, and we demonstrate that intracellular ATP-deprivation also initiates an estrangement of procaspase 3/p21 complex formation and accelerates Fas-mediated cell death. In addition, our current results revealed that the phosphorylated p21 by PKA interacts with procaspase 3. Here, we report that the mitochondrial role, especially for ATP synthesis, and PKA are necessary for the procaspase 3/p21 complex formation to resist Fas-mediated cell death. Cell Death and Differentiation (2000) 7, 721 ± 728.
Introduction
Cell death is an essential phenomenon for cell homeostasis, as well as cells growth, and has been well documented during embryonic and postembryonic development. 1, 2 There are two distinct processes leading to cell death known as apoptotic cell death and necrotic cell death. 1 Apoptotic cell death is accompanied by the condensation and/or fragmentation of nuclei, apoptotic body formation and chromosomal DNA fragmentation into 180 bp oligomers. 1 Multiple studies have demonstrated the important role of apoptotic cell death in various disease states and physiological cell death 3 and many factors involved with the death signaling have been identified.
The cell surface protein Fas transduces cell death signaling upon stimulation by the Fas ligand. 3 At the down stream portion of the cell death signaling transduced by the Fas ligand/Fas system, caspase acts as the essential regulator 2 and is the nomenclature for the interleukin-1b converting enzyme (ICE)/CED-3 cysteine proteinase family member. 4 To date, 14 genes have been identified within the caspase family, and three subfamilies have been identified, known as the ICE subfamily, CPP32 subfamily and ICH-1 subfamily. 4 The CPP32 subfamily, including caspase 3 (CPP32/Yama/Apopain), is the most important factor for Fas-mediated cell death. 5 Activation of caspase 3 is regulated by a cytoplasmic serine proteinase 6 and another CPP32 subfamily member, caspase 8 (FLICE/MACH and see 7 ± 9 ). Caspase 3 is expressed endogenously in cells, 5 and we recently demonstrated that its activation is suppressed by two factors. Procaspase 3 interacts with the cell cycle regulator p21 through its NH 2 -terminal sequence on mitochondria.
10 ± 12 Caspase 3 is inactivated as a result of masking its p3-cleavage site. 11 In addition, activated caspase 3 is inactivated by the IAP family member ILP. 10, 11, 13, 14 Through this two step mechanism, caspase 3 is inactivated endogenously in cells.
Recently, some molecular machinery have been reported as the cell-survival system. Protein kinase B member Akt phosphorylates and inactivates the Bcl-2 family member Bad which acts as the death accelerator. 15, 16 Akt also phosphorylates the caspase 9 (ICE/LAP6/Mch6/APAF-3) to induce cell survival. 17 In addition, it has been recently reported that protein kinase A also induce cell survival as a result of the phosphorylation of Bad. 18 Thus, cell survival as a result of the phosphorylation of death-associated factors by protein kinases has recently studied well.
As indicated above, we have reported about caspase 3 inactivation system. Caspase 3 interacts with p21 with each NH 2 amino acid sequence to resist Fas-mediated cell death. This procaspase 3/p21 complex formation is initiated under the influence of mitochondrion. It is of interest that mitochondria act for the cell survival (resistance to cell death signaling), however, we could not identify what factor(s) derived from mitochondrion is necessary for the procaspase 3/ p21 complex formation to resist Fas-mediated cell death in our previous report. In the present study, therefore, we investigated what factor(s) is required for the procaspase 3/ p21 complex formation on mitochondria. We report that cellular ATP synthesized by mitochondria and protein kinase A are necessary for the procaspase 3/p21 complex formation.
Results
Caspase-3 and mitochondrial function during Fas-mediated cell death
To investigate biochemical events on mitochondria during Fas-mediated cell death, mitochondrial function was examined. As a first approach, intracellular ATP was measured. When HepG2 cells were treated with antagonistic Fas antibody (Fas Ab) in the presence of actinomycin D, cells showed a decrease in the level of intracellular ATP within 6 h ( Figure 1A ). In addition, mitochondrial membrane potential, which is generally used to assess mitochondrial viability, was measured using Rhodamine 123. Mitochondrial membrane potential was also decreased by Fas Ab and actinomycin D co-treatment within 6 h ( Figure 1B ). In contrast, Fas Abinduced caspase 3 activation was not induced significantly within 12 h, and it showed a peak level at 16 h after Fas Ab treatment ( Figure 1C ). Thus, this data suggests that mitochondrial damage preceded Fas-mediated cell death.
Effect of intracellular ATP-deprivation in Fas-mediated cell death
Intracellular ATP-deprivation was induced by treatment for 2 h with oligomycin or 5'-p-fluorosulfonylbenzoyl adenosine (FSBA) (Figure 2A ). However, these treatments alone did not induce cell death or caspase 3 activation (Figure 2A ). Fasmediated cell death and caspase 3 activation could be induced by Fas Ab in the presence of actinomycin D, but were not suppressed by the intracellular ATP-deprivation triggered by oligomycin or FSBA ( Figure 2B) .
Ordinarily, HepG2 cells do not show Fas-mediated cell death in the absence of actinomycin D.
10 ± 12 Interestingly, however, additional studies revealed that intracellular ATPdeprivation did not require actinomycin D for the induction of Fas-mediated cell death and caspase 3 activation (Figure 3 ). HepG2 cells pretreated with oligomycin or FSBA showed Fas-mediated cell death and caspase 3 activation by Fas Ab alone.
Procaspase 3/p21 complex formation requires intracellular ATP
HepG2 cells show resistance to Fas-mediated cell death as a result of caspase 3 inactivation by p21 on mitochondria. 10 ± 12 Our current works reveals that HepG2 cells treated to reduce intracellular ATP-levels are no longer resistant. Therefore, we examined the effect of intracellular ATP-deprivation on procaspase 3/p21 complex formation. When cells were treated with oligomycin or FSBA, expression of procaspase 3 and p21 was observed, but the procaspase 3/p2 complex was not detected in immunoprecipitates (Figure 4 ).
Effect of protein kinase A in Fas-mediated cell death
Our current results suggest that intracellular ATP is involved with the resistance to Fas-mediated cell death, namely Figure 1 Mitochondrial damage during Fas-mediated cell death. HepG2 cells were treated with 1 mg/ml agonistic anti-human Fas antibody (CH-11 clone and see 39 ) in the presence of 0.5 mg/ml actinomycin D. At each treatment time, cells were collected and intracellular ATP level (A), mitochondrial membrane potential (B) and caspase 3 activity (C) were measured. Intracellular ATP was measured with intracellular ATP-measure kit (Wako Pure Chemical, Osaka, Japan), mitochondrial membrane potential was measured as the rate of Rhodamine 123-staining using Flowcytometer, and caspase-3 activity was measured as the DEVD-MCA cleavage. Bars are standard error of five independent samples procaspase 3/p21 complex formation. Therefore, we examined whether protein kinases are necessary for the procaspase 3/p21 complex formation. Fas-mediated cell death in HepG2 cells triggered by co-treatment of Fas Ab and actinomycin D was not suppressed by protein kinaseinhibitors used for our current study (Table 1) . However, only protein kinase A (PKA) inhibitor H8 showed the death induction with Fas Ab, instead of actinomycin D (Table 1 and Figure 5 ). In addition, H8 treatment induced the estrangement of procaspase 3/p21 complex formation ( Figure 6 ).
Thus, the phosphorylation by PKA is involved with the procaspase 3/p21 complex formation to resist Fasmediated cell death, and our further experiments revealed that PKA phosphorylated p21, but not procaspase 3, to initiate procaspase 3/p21 complex formation ( Figure 7 ).
Discussion
Caspase family members are necessary for cell death signaling. 4 In particular, caspase 3 (CPP32/Yama/Apopain) is the most important factor for the Fas-mediated cell death. The role of mitochondria during cell death induction has recently been a focus. 19 Mitochondria show down-regulation of membrane potential at an early stage during cell death induced by chemical hypoxia. 20 In the current study, decreased mitochondrial membrane potential preceded Fas-mediated cell death. In addition, the ATP supply is generally known as essential to mitochondria, 21 ± 24 and we also observed decreased intracellular ATP levels before complete Fas-mediated cell death. In some cases of cell death induction, it has been reported that cytochrome c release as a result of mitochondrial damage acts as triggering system to activate caspase 9 (ICE-LAP6/Mch6/APAF-3 and see 19, 25, 26 ). In the current study, while mitochondrial damage was also observed during Fas-mediated cell death, we suggest that this mitochondrial damage is not involved with a transduction of Fas-initiated cell death signaling, since we have already demonstrated that HepG2 cells lacking mitochondria show Fas-mediated cell death. 12 These observations raised the question of why the mitochondria were damaged at an early stage during Fas-mediated cell death. To address this issue, we investigated whether intracellular ATP-deprivation as a result of mitochondrial damage is involved with Fas-mediated cell death.
Recently, various researchers report the possible involvement of ATP-dependent steps in cell death signaling. Some report that an ATP-dependent pathway is involved with the exposure of phosphatidylserine to the outer cell membrane, a marker of apoptotic cell membrane damage, 27 ± 29 but not caspase activation. 30 Others report that ATP is necessary for caspase 9-mediated cell death. ATP acts as an essential factor for the cytochrome c/Apaf-1 system 25 which activates caspase-9. 31 CED-4, which plays an important role in the induction of programmed cell death in Caenorhabditis elegans, 32 also requires ATP for the induction of apoptotic cell death. 33 In the present study, intracellular ATP-deprivation did not suppress Fasmediated cell death in HepG2 cells, suggesting that an ATP-dependent pathway does not exist in Fas-initiated death signaling of HepG2 cells. Ordinarily, HepG2 cells require an inhibitor for de novo protein synthesis, like actinomycin D, to induce Fas-mediated cell death. 10 However, our current work showed that intracellular ATPdeprivation could induce Fas-mediated cell death even in the absence of actinomycin D. These results suggest that intracellular ATP is involved with the pathway conferring resistance to Fas-mediated cell death in HepG2 cells.
We have reported that caspase 3, which is necessary for the induction of Fas-mediated cell death in HepG2 cells, is inactivated by two cellular factors. p21 interacts with only (Total p21) inhibitor for 2 h, and immunoprecipitates with caspase 3 antibody were separated on 15% SDS ± PAGE, and then p21 was detected with immunoblotting procedure. Arrows show the position of phosphorylated (phospho p21) and un-phosphorylated (p21) p21. (B) Phosphorylation of procaspase 3 was also examined. Cells were treated with or without (Intact) oligomycin (OM) or FSBA, and proteins were extracted. Each cell extracts and p21 immunoprecipitates from intact cells were separated on 10% SDS ± PAGE, and then immunoblotting with caspase 3 antibody was performed Figure 5 Effect of PKA in the resistance to Fas-mediated cell death. HepG2 cells were pretreated with H8 (10 mM) for 2 h, and then Fas Ab treatment was performed at 1 mg/ml for 24 h. After treatment, cells were stained with Hoechst 333422/PI and death induction was measured
Cell Death and Differentiation Procaspase 3/p21 complex by ATP and PKA A Suzuki et al the NH 2 -terminal sequence of the zymogen form of caspase 3 (procaspase 3 and see 10, 11 ). As a result of its interaction with p21, the p3 cleavage site on procaspase 3 is blocked from cytoplasmic serine proteinase. 6, 11 Interestingly, mitochondria are also a necessity for procaspase 3/ p21 complex formation. 12 In contrast, activated caspase 3 is suppressed by the IAP family member ILP. 10 Thus, caspase 3 is inactivated by two systems in HepG2 cells. As indicated above, the procaspase 3/p21 complex formation is an interesting one, since mitochondria initiate its formation.
12 ATP synthesis is the most well-known mitochondrial function. 21 These observations suggest the possible involvement of an ATP-dependent pathway in mitochondrion-initiated cell survival, namely procaspase 3/ p21 complex formation. Our current study revealed that procaspase 3/p21 complex formation did not occur when cells were deprived of ATP. Since ATP-deprivation did not induce down-regulation of p21-or caspase 3-expression, our results indicate that intracellular ATP directly supports procaspase 3/p21 complex formation.
Our current observations suggested that procaspase 3/ p21 complex formation required an intracellular ATP and raised the possible involvement of protein kinase(s) in the complex formation. In addition, the phosphorylation of death-associated factors by protein kinases has been reported as the cell survival system. Protein kinase B (PKB) family member Akt phosphorylates the Bcl-2 family member Bad which acts as the death accelerator, through PI-3 kinase/Akt signaling pathway. 15, 16, 34, 35 Recently, the phosphorylation of caspase 9 by Akt has been reported as one of cell survival system. 17 On the other hand, ATPdependent protein kinase PKA was reported as the cell survival factor. PKA also phosphorylate Bad to initiate cell survival. 18 In the present study, an inactivation of PKA accelerated Fas-mediated cell death by the estrangement of procaspase 3/p21 complex formation, but PKB inhibitor did not. These results indicate that PKA regulates the procaspase 3/p21 complex formation as one of cell survival systems. In addition, we demonstrated p21, but not procaspase 3, as the target molecule of PKA-phosphorylation. Since Fas-mediated cell death was suppressed by the procaspase 3-binding domain alone of p21, 11 we suggest that PKA-phosphorylation site of p21 exists in the procaspase 3-binding domain (Met 1 -Lys 16 amino acid sequence). In addition, procaspase 3-binding domain contains two serine-residue (Ser 2 and Ser 15 ). These two residues may be phosphorylated by PKA to form procaspase 3/p21 complex.
The human hepatoma HepG2 cell line is unique that it requires the de novo protein synthesis inhibitor actinomycin D for Fas-mediated cell death. 10 This resistance results from caspase 3 inactivation by p21 and ILP. 10 The procaspase 3/p21 complex formation is unique that it requires mitochondria. 12 In the current study, we demonstrated that this mitochondrion-requirement is a necessity for the p21 phosphorylation initiated by PKA. We hypothesize the role of mitochondria in the procaspase 3/ p21 complex formation as follows (Figure 8) . Mitochondria initiate the procaspase 3/p21 complex formation by the ATP supply. Using intracellular ATP, PKA phosphorylates p21, and the phosphorylated p21 interacts with procaspase 3 with NH 2 -terminal sequence on mitochondria to resist Fasmediated cell death. Here, we propose that procaspase 3/ p21 complex formation initiated by PKA and mitochondria is one of the important cell survival systems.
Materials and Methods

Cell line and culture
Human hepatoma HepG2 cells were supplied by Dr. Yoshihide Tsujimoto 5 and were maintained in RPMI1640 medium (Gibco BRL, MD, USA) supplemented with 10% heat-inactivated fetal calf serum (FCS; Gibco BRL) in a humidified atmosphere of 5% CO 2 and 95% air.
Peptides and chemicals
DEVD-MCA was purchased from Peptide Lab. (Osaka, Japan). As the agonistic Fas antibody (Fas Ab), the CH-11 clone was purchased from MBL Japan (Nagoya). Staurosporine (STP), herbimycin A (HmA), H8, ML7, KN62, PKB blocking peptide (PKB-BP), bisindolylmaleimide I (BIM-I), cypermethrin, dephostatin, okadaic acid, tautomycin, PD98059, SB202190, SB203580 and SB202474 were purchased from Calbiochem-Novabiochem Corporation (La Jolla, CA, USA). 6 is blocked by the interaction with p21 in cell, 11 and Fas-mediated cell death is suppressed. 10 Cellular protein kinase A (PKA) phosphorylates p21 using intracellular ATP supplied from mitochondrion. As a result of the phosphorylation of p21 by PKA, p21 interacts with procaspase 3, and the complex acts as the cell survival system
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Protein extraction
Proteins were prepared for immunoblotting and immunoprecipitation analysis by lysis of cells with 1% NP-40 containing buffer for 30 min. All procedures were carried out at 48C. Proteins were collected by the centrifugation at 15 000 r.p.m. for 15 min. Protein concentrations were determined by a method described previously 36, 37 using the DC protein assay kit (Bio-Rad, CA, USA) with bovine serum albumin as standard.
Preparation of cell extracts and assay of enzyme
Preparation of cell extracts and assay of enzyme was performed as previously described 5 with some modifications. 10 Cells were collected, washed with PBS and suspended in PBS-EDTA (pH 7.4). After the addition of 10 mM digitonin (Sigma), cells were incubated at 378C for 10 min. Lysates were collected by centrifugation (15 000 r.p.m./5 min), and total protein concentration was determined using a DC protein assay kit (Bio Rad). For enzyme assay, aliquots were incubated with 10 ml DEVD-MCA (50 mM), and the release of amino-4-methylcoumarin was monitored with a spectrofluorometer. One unit was defined as the amount of enzyme required to release 0.22 nmol AMC per min at 378C.
Immunoblotting analysis
Sample proteins separated by SDS ± PAGE were transferred onto nitrocellulose membranes with a semi-dry blotting system. The membranes were blocked with PBS containing 5% (w/v) skim milk at room temperature for 1 h, washed with a mixture of PBS and 0.05% Tween 20 (Sigma, Tween-PBS), and then incubated overnight at room temperature with each antibody diluted with PBS. After washing with Tween-PBS, the membranes were incubated with a 1000-fold diluted biotinylated anti-mouse IgG antibody (Bio Source, CA, USA), washed with Tween-PBS, and then incubated with avidin-HRP (Vector Lab., CA, USA) at room temperature for 1 h. The membranes were washed with Tween-PBS and then developed with the ECL system.
Immunoprecipitation analysis
Anti-caspase 3 antibody (Transduction Lab., KY, USA) or anti p21 antibody (Santa Cruz, CA, USA) was mixed with 1 mg protein from each cell extract for 30 min. Protein A-sepharose was then added and incubated for 2 h. The immunoprecipitates were heated in SDS sample buffer and separated on 5 ± 20% polyacrylamide gels. After transfer, the membranes were immunoblotted, washed with Tween-PBS and developed using the ECL system (Amersham, Buckinghamshire, UK).
Assay of cell viability
Cell viability of each group was assessed by the Hoechst 33342/ propidium iodide (PI) staining procedure as previously described 5 with some modifications. 6, 38 Hoechst 33342 and PI were purchased from Molecular Probes, Inc. (OR, USA). After treatment, cells were stained with the mixture of Hoechst 33342 and PI, and then observed by fluorescence microscopy. Cell viability was indicated by the ratio of cells carrying intact nuclei to total cells (about 5000 cells).
